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Abstract 
Manufacturing processes which selectively induce pronounced compressive residual stresses such as hydraulic Autofrettage are 
gaining increasing importance. Especially for internally pressurized components, the compressive residual stresses are used as 
design tool in order to increase the fatigue strength. However, the final residual stress depth profile is a result of the whole technical 
process chain. This paper presents results of two 3D finite element models. First, DEFORM is used to model the temperature 
generation during reaming. For the considered case study, it becomes evident that reaming can be reduced to the mechanical 
residual stress formation mechanisms. Second, Abaqus/Explicit is used to model the final residual stress depth profile after 
Autofrettage and consecutive reaming. The simulations are verified by experiments and detailed X-ray residual stress 
measurements. 
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1. Introduction 
The selective introduction of compressive residual 
stresses in failure critical areas of internally pressurized 
components is gaining increasing importance as design 
tool. Popular examples are components of the common 
rail diesel injection system, where manufacturing 
processes like hydraulic Autofrettage (AF) help to 
significantly increase the fatigue life [1, 2].  
AF works with a single over-pressurization. During 
the pressure ramp-up, the inner part of the material is 
plastically deformed, whereas the outer part is only 
elastically deformed. After pressure release, the 
plastically deformed inner region remains plastically 
deformed, whereas the outer region tries to relax to its 
base state. As a result, a self-shrinkage effect occurs 
which is labeled “Autofrettage” following its French 
name-roots [3]. It leads to a beneficial pronounced 
compressive residual stress depth profile [4]. 
However, AF does not stand alone in the technical 
process chain. Every manufacturing step introduces 
residual stresses – and most often – to an unknown 
extent. Removal of residual stress loaded layers by 
manufacturing processes like honing or reaming leads to 
a redistribution of the selectively introduced residual 
stress depth profile as the stress equilibrium is distorted. 
In addition to the macroscopic shape deviations that 
occur [5], the prediction of the final residual stress depth 
profile is a challenging task. Bähre and Brünnet [6] 
presented a 3D finite element analysis (FEA) approach 
using Abaqus/CAE to predict the final residual stress 
depth profile after AF and consecutive boring and 
reaming. They considered not only a simple 
redistribution due to the material removal but the 
complex interaction between tool and work piece during 
the boring and reaming operation. It could be shown that 
the compressive residual stresses, and as a consequence 
the fatigue life, may be overestimated if the interaction 
between tool and work piece is not properly modeled.  
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In order to verify the approach, this paper presents 
further detailed simulation and XRD-results for the 
commonly used automotive steel AISI 4140. First, a 
DEFORM FEA-model is applied to determine the 
temperature generation during reaming. The simulation 
results are compared to measurement results in order to 
estimate the influence of thermal effects on the residual 
stress generation during reaming. Second, the 
Abaqus/CAE 3D FEA approach [6] is used to model AF 
and consecutive boring and reaming. The simulation 
results are compared to detailed XRD-measurements to 
evaluate the quality of the residual stress prediction. 
2. Experimental setup 
Two types of thick-walled cylinders made from two 
very similar batches of AISI 4140 were used for this 
investigation. The first cylinder geometry (C1) was used 
to evaluate the temperature generation during reaming, 
the second cylinder geometry (C2) was employed for the 
investigation of residual stresses along the process chain 
with AF and consecutive boring and reaming. The 
relevant material data, acquired with an uniaxial tensile 
test following DIN EN 10002, is shown in Table 1. The 
geometries are shown in Fig. 1 and Fig. 2. 
Table 1. Material data C1 and C2  
DIN EN 10002 uniaxial tensile 
test data for AISI 4140  
C1 C2 
Young’s modulus 215,000 MPa 211,000 MPa 
Yield strength 1,002 MPa 973 MPa 
Ultimate strength 1,076 MPa 1,073 MPa 
Poisson’s ratio 0.28 0.28 
 
 
Fig. 1. Picture and geometry of cylinder C1 
 
Fig. 2. Geometry of cylinder C2 
2.1. Geometry, manufacturing and measurement setup 
for the thick-walled cylinders C1 
10 thick-walled cylinders C1 were turned to an outer 
diameter (OD) of 28 mm and an inner diameter (ID) of 
9 mm. Afterwards, a plane face was milled in order to 
insert an additional blind hole to attach a Ni-Cr-Ni-
thermocouple. This measurement setup is commonly 
used to monitor temperature generation in machining 
processes [7]. The depth of the blind hole was set such to 
detect the temperature rise during reaming as close as 
possible to the surface of the inner diameter. In order to 
ensure sufficient heat conductivity between the tip of the 
thermocouple and the bottom of the blind hole, a 
commercially available heat transfer paste type GELID 
GC-2 was used. During the reaming operation, the 
temperature was logged via an OMEGA thermocouple to 
an analog converter connected to a HBM Gen2i data 
acquisition system. All cylinders were then post-
machined with boring and reaming to the final inner 
diameter of 10H7, leading to a final distance of 
approximately 0.2 mm between the bottom of the blind 
hole and the wall of the inner diameter. First, a boring 
operation was applied to achieve an ID of 9.7 mm. In 
order to do so, a HSS twist drill with a diameter of 
9.7 mm at 630 1/min with a corresponding feed velocity 
of 1 mm/s was used. Second, a six-bladed HSS-E 
reaming tool with a diameter of 10H7 was applied. The 
considered range of reaming parameters is presented in 
Table 2. The parameter set R10 is basically the same as 
R7 with the exception that cooling oil was applied.  
Table 2. Considered reaming parameters  
Label RPM [1/min] Feed [mm] Feed velocity [mm/s] 
R1 96 0.10 0.160 
R2 96 0.15 0.240 
R3 127 0.10 0.212 
R4 127 0.15 0.317 
R5 159 0.10 0.265 
R6 159 0.13 0.345 
R7 159 0.15 0.398 
R8 191 0.10 0.317 
R9 191 0.15 0.478 
R10 159 0.15 0.398 
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2.2. Geometry, manufacturing and XRD-measurement 
setup for the thick-walled cylinders C2 
For this investigation, six thick-walled cylinders were 
turned to an OD of 27 mm and an ID of 9 mm. 
Additionally, a 60° cone was applied to both ends of the 
cylinders in order to generate a sealing area for the AF 
process. Then, three cylinders were autofrettaged with 
AF pressures (pAF) of 8,000, 9,000 and 9,500 bar, 
respectively. Next, the cylinders were post-machined as 
follows: first, a boring operation was applied to achieve 
an ID of 9.8 mm. In order to do so, a HSS twist drill with 
a diameter of 9.8 mm was used at 630 1/min with a 
corresponding feed velocity of 1 mm/s. Second, a six-
bladed HSS-E reaming tool with a diameter of 10H7 was 
applied at 200 1/min with a corresponding feed velocity 
of 0.6 mm/s under addition of cooling oil. 
Finally, the cylinders were cut in half in order to 
determine the residual stress depth profiles, as the 
measurement positions were located inside the cylinders. 
In Table 3 the parameters of the XRD-measurement are 
presented. 
Table 3. XRD-measurement parameters for the sin2ψ-method 
Radiation Cr-Kα 
Penetration depth α-iron 5.5 μm 
Lattice plane {211} 
2θ-angle 156.084° 
Tilt angle ψ -45° to +45° 
 
3. FEA models 
SFTC DEFORM v10.2 was applied to determine the 
influence of different reaming parameters on the 
resulting temperature generation. The same machining 
parameters as used for the experiment with cylinders C1 
were applied. Abaqus/CAE was used to model the AF 
process and the consecutive boring and reaming 
operation with respect to the change in the residual 
stresses over the wall thickness of the cylinders. Here, 
the same machining parameters were considered as used 
for the experiments with cylinders C2. 
3.1. Temperature generation during reaming 
SFTC DEFORM is a commonly used commercial 
FEA package in the modeling of machining operations 
also with respect to surface integrity [8]. The model here 
used for the boring and reaming operation was based on 
SFTC’s “3D machining (Drilling) Lab” [9].  
It is well suited for the simulation of temperature 
distributions in the tool and work piece as well as the 
complex chip formation mechanisms. In order to 
represent the material’s properties correctly, Johnson-
Cook material model was applied [10]. It is a constitutive 
material model widely used to calculate material’s flow 
stress in FE simulation of machining processes [11]. The 
model is capable to describe the characteristics of 
materials subjected to large strains, high strain rates and 
high temperatures. The equation of von Mises flow stress 
(σ) is expressed as follows: 
 
ߪ ൌ  ሾܣ ൅ ܤߝ௡ሿሾͳ ൅ ܥ݈݊ߝሶכሿሾͳ െ ܶכ௠ሿ  (1)  
 
where ε is the equivalent plastic strain, 
 
ߝሶכ ൌ  ߝሶȀߝሶ଴     (2) 
 
is the dimensionless plastic strain rate for ߝሶ଴ ൌ ͳǤͲݏିଵ 
and 
 
ܶכ ൌ ሺܶ െ ௥ܶሻȀሺ ௠ܶ െ ௥ܶሻ    (3) 
 
is the homologous temperature, where  ௠ܶ is the melting 
temperature of material and ௥ܶ is room the temperature. 
Parameters A, B, n, C and m are material constants. The 
first bracketed expression represents the stress as a 
function of strain for ߝሶכ ൌ ͳ and ܶכ ൌ Ͳ. The second and 
third bracket expressions indicate the effects of strain rate 
and temperature, respectively.  
The DEFORM software has the great advantage that it 
offers a built-in material database for commonly used 
steel types. Additionally, the default materials can be 
modified to consider real test data. In Table 4, the 
parameters of the Johnson-Cook material model taken 
from the DEFORM material data base [12] for the used 
AISI 4140 steel are presented. 
Table 4. Johnson-Cook material constants 
Constant Value 
A 1100 MPa 
B 768 MPa 
C 0.0137 
n 0.2092 
m 0.8070 
Tr 20 °C 
Tm 1487 °C 
 
The geometry of the tools and work piece are created 
with the help of the CAD-software CATIA V5 R19 and 
afterwards imported in DEFORM as STL-files. In order 
to minimize the calculation time, the tool is modeled as 
rigid body. At the same time, the work piece symmetry is 
exploited and hence only one twelfth of the cylinder has 
to be modeled. The length was reduced to 0.8 mm, as 
symmetry boundary conditions were applied to both ends 
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of the cylinder.  Additionally, the geometry is separated 
into two mesh regions with different mesh density. The 
region around the later bore is modeled with tetrahedral 
elements having a mean element size of 1.45 μm. The 
rest of the cylinder is meshed with larger elements. In 
summary, 300,000 elements are used to mesh the whole 
work piece. In Fig. 3 the tool- and work piece geometries 
and meshes are presented. 
 
 
Fig. 3. 3D tool and work piece models, mesh and contact parameters 
3.2. AF and consecutive boring and reaming 
The applicability of the used Abaqus/CAE model was 
verified in [6] by comparing it to results of Huang’s 
analytical approach [13]. The complex interaction 
between tool and work piece and hence the following 
additional introduction of machining residual stresses is 
considered by an elastic-plastic material model with bi-
linear kinematic hardening and the built-in progressive 
damage and failure concept. It considers a continuous 
degradation in work piece material stiffness due to the 
contact with the rigid tool and deletes the affected 
elements after exceeding the failure strain. Until the 
elements are finally deleted from the mesh, they remain 
in contact with the underlying elements and introduce a 
mechanical stress which then leads to the generation of 
residual stresses. The contact was modeled using the 
“General Contact” option in ABAQUS. As contact 
properties, the default values for normal behavior were 
chosen whereas the tangential behavior was defined as 
dry steel-to-steel contact with a friction coefficient of 
μ = 0.2. Thus, the resulting stress state may be more 
realistic even though the chip formation may not be 
modeled exactly. The model and all its relevant boundary 
conditions have been presented in [6, 14]. 
4. Results and discussion 
4.1. Temperature generation during reaming 
Machining is known to introduce residual stresses 
which may be tensile or compressive depending on the 
chosen process and its parameters [15, 16]. If a 
significant amount of heat is generated which cannot be 
dissipated properly, the machined surface is likely to be 
affected with tensile residual stresses. However, if the 
machining parameters are chosen in a way that the 
generated heat on the work piece surface is moderate to 
small, the mechanical residual stress generation 
mechanisms prevail. Further, the use of multi bladed 
tools, like a reaming tool, and low feed rates favor the 
generation of compressive residual stresses [16].  
For the following simulation of the AF process with 
consecutive boring and reaming in Abaqus/CAE, it is 
assumed that the heat generation during the reaming 
operation is negligible. This allows the use of a 
comparable simple elastic-plastic material model. In 
order to prove this, measurement results and DEFORM 
3D FEA calculations are compared for different sets of 
reaming parameters R1 to R10. The acquired measured 
and simulated temperatures at the evaluation position of 
0.2 mm below the surface are shown in Fig. 4. In Fig. 5, 
the resulting temperature generation over the reamed 
cylinder C1 is presented. 
 
Fig. 4. Comparison of measured and modeled temperature distribution 
0.2 mm below the surface 
 
Fig. 5. DEFORM simulation results showing the temperature 
distribution over the reamed cylinder as well as in the resulting chip 
DEFORM mesh on tool and work piece and contact parameters
Friction coefficient μ = 0.6
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Measurement and simulation show a very good
agreement at the evaluation position 0.2 mm below the 
surface. This is despite the fact that the simulated
machining time for R1 to R10 is only 0.013 times the
experimental machining time as result of the reduced
length of the cylinder in the FEA model. It can be
concluded that the use of the simulation to determine the
maximum temperature at the surface of the reamed ID is
valid. In case of the most unfavorable reaming parameter
set (R7), the maximum temperature is calculated to be
140 °C. This verifies the assumption that no significant 
heat generation occurs during reaming. As a result, the
generation of tensile residual stresses in the surface-near 
region as result of the reaming operation can be
neglected. The application of cooling oil (R10) further 
reduces the heat generation and is therefore considered 
for the following investigation with cylinders C2.
4.2. Residual stress depth profile after AF and 
consecutive boring and reaming
In [6] it was shown that it is not sufficient to model
the material removal with a simple deletion of elements
(setting the stiffness matrix in the finite element model to
zero). Instead, the complex interaction between tool and 
work piece and the following additional introduction of 
machining residual stresses along with the disturbance of 
the residual stress equilibrium near the surface should be
considered. 
However, the simulation results presented in [6] could
only be compared to a limited number of residual stress 
measurements. Therefore, in this investigation numerous
XRD-measurements are performed on the cylinders C2
and compared to the FEA calculations. In Fig. 6 and
Fig. 7, the results for Autofrettage with pAF = 8,000 bar 
and pAF = 9,000 bar are shown, respectively.
XRD measurement results and FEA calculation show
a good agreement. The compressive stress maximum is
located at some distance below the surface depending on 
the applied AF pressure. This is a well-known effect of 
autofrettaged components and is called re-yielding, as 
already discussed in [6]. This effectively reduces the
inducible amount of compressive stresses. Introducing
machining residual stresses in this already re-yielded
material region leads to an even more complex final 
residual stress depth profile. The presented FEA
approach is therefore a very useful tool to predict all the
mentioned influences along the considered process chain.
Obviously, the underlying assumption that only
mechanical residual stress generation mechanisms
prevail is valid. However, two drawbacks of the present 
modeling approach have to be addressed as well.
Therefore, another depth profile at pAF = 9,500 bar is
presented in Fig. 8.
Fig. 6. Comparison of XRD measurement results and Abaqus FEA 
calculation for Autofrettage with pAF = 8,000 bar and consecutive 
boring and reaming
Fig. 7. Comparison of XRD measurement results and Abaqus FEA 
calculation for Autofrettage with pAF = 9,000 bar and consecutive 
boring and reaming
Fig. 8. Comparison of XRD measurement results and Abaqus FEA 
calculation for Autofrettage with pAF = 9,500 bar and consecutive
boring and reaming
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In order to access the internal measurement position, 
the cylinders were cut in half. Depending on the amount 
and depth of the selectively introduced compressive 
residual stresses after AF, this cutting process leads to 
severe redistribution effects and alters the measurement 
results as discussed in [17, 18]. This becomes obvious in 
Fig. 8. The measured depth profile significantly differs 
from the FEA calculation especially for the first 1 mm. 
This is due to the destructive sample preparation for the 
XRD measurement. The next evolution of the FEA 
approach will therefore consider the cutting process after 
AF as well. Moreover, the resolution of the FEA model 
especially close to the surface is limited and has to be 
improved for future investigations. Here, the restriction is 
the over-proportional increase of the calculation time in 
the explicit 3D FEA calculation when decreasing the 
smallest element size.  
5. Conclusions 
In this paper, a new 3D finite element approach has 
been verified and applied to model the residual stress 
depth profile after AF and consecutive boring and 
reaming.  
First, a DEFORM model was applied to model the 
temperature distribution in the work piece for different 
sets of reaming parameters. It could be shown that the 
maximum temperature on the work piece surface for the 
most unfavorable set of reaming parameters is well 
below 200 °C. Therefore, it can be concluded that for the 
chosen set of parameters the residual stress generation 
mechanism is mainly due to mechanical interactions 
between tool and work piece. In this particular case, the 
heat generation at the work piece surface can be 
neglected. 
Second, an Abaqus/CAE 3D FEA approach was used 
to model the final residual stress depth profile after AF 
and consecutive boring and reaming. The comparison 
with detailed XRD measurements showed the principal 
applicability of the presented approach. However, with 
increasing amount and depth of the introduced 
compressive stresses, the destructive sample preparation 
to access the internal measurement positions significantly 
affects the final residual stress depth profile. 
Future improvements of the 3D FEA approach will 
include smaller element sizes close to the surface to 
investigate steep gradients more precisely. Additionally, 
the destructive sample preparation for the XRD 
measurements will be included in the FEA approach to 
account for the significant redistribution effects for large 
amounts of in-depth compressive stresses. 
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